Glycosylphosphatidylinositol (GPI) anchoring provides an alternative to transmembrane domains for anchoring proteins to the cell surface in eukaryotes. GPI anchors are synthesized in the endoplasmic reticulum via the sequential addition of monosaccharides, fatty acids, and phosphoethanolamines to phosphatidylinositol. Deficiencies in GPI biosynthesis lead to embryonic lethality in animals and to conditional lethality in eukaryotic microbes by blocking cell growth, cell division, or morphogenesis. We report the genetic and phenotypic analysis of insertional mutations disrupting SETH1 and SETH2 , which encode Arabidopsis homologs of two conserved proteins involved in the first step of the GPI biosynthetic pathway. seth1 and seth2 mutations specifically block male transmission and pollen function. This results from reduced pollen germination and tube growth, which are associated with abnormal callose deposition. This finding suggests an essential role for GPI anchor biosynthesis in pollen tube wall deposition or metabolism. Using transcriptomic and proteomic approaches, we identified 47 genes that encode potential GPI-anchored proteins that are expressed in pollen and demonstrated that at least 11 of these proteins are associated with pollen membranes by GPI anchoring. Many of the identified candidate proteins are homologous with proteins involved in cell wall synthesis and remodeling or intercellular signaling and adhesion, and they likely play important roles in the establishment and maintenance of polarized pollen tube growth.
INTRODUCTION
Glycosylphosphatidylinositol (GPI) membrane anchors provide an alternative to transmembrane domains for anchoring proteins to the cell surface in eukaryotes. GPI anchoring can confer localized or polarized targeting and therefore can dramatically alter the functional properties of proteins. In animals, GPIanchored proteins (GAPs) include a broad range of cell surface proteins, such as enzymes, receptors, complement regulators, and adhesion molecules (Ikezawa, 2002) . In plants, GAPs form a relatively abundant class of proteins present in the plasma membrane (Sherrier et al., 1999) . Many of the demonstrated and predicted Arabidopsis GAPs show similarity to characterized cell surface proteins as diverse as ␤ -1,3-glucanases, metalloproteases and aspartylproteases, glycerophosphodiesterases, phytocyanins, multi-copper oxidases, extensins, classic arabinogalactan proteins, plasma membrane receptors, peptides, and lipid transfer-like proteins (Borner et al., 2002 (Borner et al., , 2003 .
To date, only 4 of the 248 predicted Arabidopsis GAPs (Borner et al., 2002 (Borner et al., , 2003 have been functionally investigated. Mutations in the COBRA gene (Roudier et al., 2002) affect the orientation of cell expansion in the root (Schindelman et al., 2001) , whereas the multi-copper oxidase-related protein SKU5, shown to possess a GPI anchor, is involved in the control of directional root growth (Sedbrook et al., 2002) . Mutations in the pectate lyase-like protein PMR6 alter cell wall structure and pectin content and confer mildew susceptibility (Vogel et al., 2002) . Mutations of the SOS5 locus confer salt hypersensitivity to roots, resulting in abnormal cell expansion and growth arrest under salt stress (Shi et al., 2003) . The phenotypes of these mutants suggest that GAPs might be especially important in aspects of cell wall remodeling and directional cell expansion.
GPI anchors are synthesized in the endoplasmic reticulum via the sequential addition of monosaccharides, fatty acids, and phosphoethanolamines to phosphatidylinositol (reviewed by Schultz et al., 2000; Ikezawa, 2002) . The proteins that catalyze this pathway have been well studied in mammalian cells, yeast, and protozoa, but essentially nothing is known about them in plants. The first step involves the transfer of N -acetylglucosamine to phosphatidylinositol (PI) by GPI-N -acetylglucosaminyltransferase (GPI-GnT), an enzymatic complex com-prising at least six subunits (PIG-A, PIG-C, PIG-H, GPI-1, PIG-P, and DPM2). The product formed is deacetylated subsequently by PIG-L to yield glucosamine-PI. Three mannose residues, donated by dolichol-phosphate-mannose (DPM), are added sequentially to the anchor. The addition of phosphorylethanolamine on the third mannose residue is catalyzed by PIG-O and PIG-F. The removal of the hydrophobic C-terminal sequence and the attachment of the GPI anchor to the site of candidate proteins involves the GAA1 and GPI8 proteins. In the Golgi apparatus, the GPI core structure in animals and yeast is elaborated further by the addition of sugar side chains on mannose residues and often by remodeling of the lipid to a ceramide. Although GPI anchor biosynthesis has not been studied in plants, Oxley and Bacic (1999) determined that the GPI anchor of a Pyrus communis arabinogalactan protein has a minimal core oligosaccharide structure analogous to those found in animals, protozoa, and yeast. However, it is distinguished by the presence of a ␤ (1-4)-galactosyl substitution of the 6-linked mannose residue.
GPI biosynthetic pathways have been studied extensively in animals and microbes and are a target for the development of parasite-specific therapeutic agents. Deficiencies in GPI biosynthesis lead to embryonic lethality in animals and to conditional lethality in eukaryotic microbes by blocking cell growth, cell division, or morphogenesis. Although mammalian cells can survive in culture without GPI anchors, partial deficiency at different steps of the GPI biosynthetic pathway can have drastic effects in whole animals or in eukaryotic microbes. In human, an X-linked mutation of PIG-A in hematopoietic stem cells leads to paroxysmal nocturnal hemoglobinuria, an acquired clonal disease (Rosti, 2000) . In haploid Saccharomyces cerevisiae strains, PIG-C mutations affect vegetative growth such that ascospores carrying the mutation germinate but complete no more than four cell divisions (Leidich et al., 1995) . Partial deficiency of DPM biosynthesis in human causes the congenital disorder of glycosylation, resulting in seizures, hypotonia, and dysmorphic features (Imbach et al., 2000) . Moreover, side chain addition mutations have drastic effects on GPI protein transport, remodeling, and cell wall integrity in yeast (Benachour et al., 1999; Gaynor et al., 1999) but only partially affect the expression of GPI-anchored surface receptors in murine embryonal carcinoma cells (Hong et al., 1999) . However, the effects of such mutations on embryogenesis or cell differentiation are unknown.
Here, we report the genetic and phenotypic analysis of insertional mutations disrupting the SETH1 and SETH2 genes that encode homologs of PIG-C and PIG-A, respectively, two components of the GPI-GnT complex. Heterozygous GPI biosynthetic knockout mutations in Arabidopsis have no effect on sporophytic development and megagametogenesis but show male gametophyte-specific effects that almost completely block transmission through pollen. GPI-deficient pollen grains develop normally and are viable at pollination but show reduced germination and pollen tube growth. To provide a genome-wide view of GAPs expressed in pollen, we used both transcriptomic and proteomic approaches. We identified 47 genes whose transcripts were expressed in mature pollen and that encode probable GAPs. Eleven of these proteins were confirmed to be associated with pollen membranes through GPI anchoring. Our data suggest that pollen-expressed GAPs fulfill essential functions in pollen germination and tube growth.
RESULTS

seth1 Insertional Mutations Specifically Block Male Gametophytic Transmission
From a genetic screen of 3616 DsE and DsG transposon lines based on marker segregation ratio distortion, we isolated 19 independent gametophytic mutations (E. Lalanne, C. Michaelidis, A. Johnson, R. Patel, R. Howden, J. Moore, W. Gagliano, J.P. Vielle Calzada, U. Grossniklaus, and D. Twell, unpublished data), including an insertion, seth1-1 , that disrupts a putative phosphatidylinositol-glycan synthase subunit C gene. Two additional insertional alleles, seth1-2 and seth1-3 , were identified in the Syngenta collection (Sessions et al., 2002) . Heterozygous seth1 insertions had no effect on sporophytic development, and no homozygous mutant plants were identified by segregation analysis of progeny from Ͼ 500 plants derived from seth1-1 heterozygotes. Analysis of self-progeny revealed that all three seth1 alleles segregated 1:1 for the marker within the insertion, suggesting reduced transmission of the gametes harboring the insertion (Table 1) . Progeny testing revealed strict cosegregation of antibiotic or herbicide resistance with the reduced genetic transmission phenotype for all three seth1 alleles (data not shown). Genetic transmission of seth1 mutations through the male and female gametes was determined in reciprocal test crosses of heterozygous mutants and wild-type plants. The transmission efficiency of the mutant allele describes the fraction of mutant alleles that are transmitted successfully to the progeny . Female transmission was normal, but there was almost no transmission (transmission efficiency Ͻ 1%) of seth1 alleles through the male, demonstrating that all three seth1 mutations specifically affect male gametophyte development and/or functions (Table 1) .
In the three seth1 insertion lines, the DsG transposon ( seth1-1 ) or T-DNAs ( seth1-2 and seth1-3 ) was inserted into the single exon of At2g34980 ( SETH1 ) ( Figure 1A ). SETH1 encodes a protein that is 31.6% identical (52.7% similar) over 296 amino ac- ids to human PIG-C (HsPIGC). No other related proteins were identified in the Arabidopsis genome. Given that mammalian PIG-C and its known homologs in other organisms are relatively divergent in sequence (21.5% identity and 38.4% similarity between HsPIGC and its yeast homolog GPI2), SETH1 likely encodes the Arabidopsis homolog of PIG-C. PIG-C and GPI2 are associated with the endoplasmic reticulum and show multiple conserved hydrophobic segments, suggesting that they are integral membrane proteins (Inoue et al., 1996) . Using topology prediction programs, we identified six to eight potential transmembrane segments in HsPIGC and SETH1, six of which were conserved using the TmHMM_v2 algorithm (http://www.cbs.dtu.dk/services/ TMHMM-2.0/).
Disruption of the GPI-GnT Catalytic Subunit PIG-A Has a Male Gametophyte-Specific Effect
To further investigate the role of GPI anchor biosynthesis in pollen, we identified a T-DNA insertion, seth2 , in At3g45100 that encodes a putative homolog of the GPI-GnT catalytic subunit PIG-A ( Figure 1B) . SETH2 also is a single-copy gene in Arabidopsis and encodes a protein that is 47.8% identical (64.4% similar) over 494 amino acids to its human homolog PIG-A (Miyata et al., 1993) . The seth2 mutation was found to result in a male-specific gametophytic defect similar to those of all three seth1 alleles, showing only residual male transmission of 1.6% (Table 1 ). The insertion in seth2 likely completely blocks GPIGnT enzyme activity and GPI anchor biosynthesis. The residual transmission of seth1 and seth2 mutant alleles suggests that the gametophytic synthesis of GPI is essential for pollen function but that a few pollen tubes are able to reach and fertilize ovules in the absence of gametophytically synthesized GPIs.
GPI-Deficient Pollen Grains Develop Normally
The mature pollen phenotypes of seth1 and seth2 plants were analyzed by 4 Ј ,6-diamidino-2-phenylindole staining and fluorescence microscopy. Mutant pollen was similar in size and appearance to wild-type pollen. The seth1-3 mutant was homozygous for the qrt1 mutation (Preuss et al., 1994) , and plants with the genotype qrt1/qrt1 ; ϩ /seth1-3 produced tetrads containing two wild-type and two seth1-3 mutant pollen grains. All pollen grains within tetrads from seth1-3 heterozygotes showed a uniform size and correctly differentiated vegetative and sperm cell nuclei ( Figure 2A ). Alexander staining (Alexander, 1969) revealed no cytoplasmic or pollen wall abnormalities ( Figure 2B ). Vital staining using fluorescein diacetate ( Figure 2C ) showed that Ͼ 96% of mature pollen grains were viable. Moreover, aniline blue staining did not show the abnormal callose accumulation (data not shown) that has been observed in other male gametophytic mutants, such as gemini pollen1 (Park and Twell, 2001 ) and raring-to-go (Johnson and McCormick, 2001) . No differences in cellulose or pectin staining were observed in mature pollen of heterozygous mutant plants using calcofluor white or ruthenium red staining, respectively. We conclude that GPI biosynthetic mutations have no obvious effects on pollen development or plasma membrane integrity or viability. Because Ͻ 2% ovule or seed ( n ϭ 400) abortion phenotypes were observed in siliques derived from self or male outcrosses, prefertilization effects, including defective pollen tubes occupying the micropyle, or postfertilization effects on seed development cannot account for the reduced male transmission of seth1 and seth2 mutations.
seth1 and seth2 Mutations Affect Pollen Germination and Tube Growth
We tested the pollen germination efficiency of seth1 and seth2 mutants using in vitro germination assays ( Figures 2D to 2G ). Pollen from wild-type control plants showed germination efficiencies that ranged from 64 to 76%. By contrast, only 31 to 52.6% of pollen from heterozygous mutants was capable of germination ( Figure 2H ), suggesting that mutant pollen is partially defective for germination in vitro. seth1-3 allowed tetrad analysis of pollen germination ability in vitro. Tetrads containing one to four germinated pollen grains were scored ( Figures 3A to 3D ). In wild-type control plants ( qrt1/qrt1 ;ϩ/ϩ), 32.5% of tetrads produced three tubes and 29.5% of tetrads produced four tubes ( Figure 3E ), whereas in qrt1/qrt1;ϩ/seth1-3 plants, only 7.5% of tetrads had three tubes and very few tetrads produced four tubes (0.3%). These data confirm the primary outcome of defective gametophytic GPI synthesis to be reduced pollen germination efficiency in vitro.
To determine if GPI deficiency has an effect on pollen tube elongation, we measured the lengths of pollen tubes from tetrads producing three pollen tubes, reasoning that at least one tube produced by ϩ/seth1-3 tetrads must carry a mutant seth1-3 allele ( Figure 3F ). The mean pollen tube length was 258 m in the wild type and 185 m in ϩ/seth1-3 tetrads, representing a 28% reduction in mean tube length in ϩ/seth1-3. When the frequency distribution of tube lengths was plotted, 28% of ϩ/seth1-3 tetrads produced pollen tubes of Ͻ100 m, whereas wild-type tetrads showed only 8% of tubes of Ͻ100 m. These data demonstrate a further role for GPI-GnT components in pollen tube elongation in vitro.
To investigate potential cell wall composition defects associated with in vitro germination and growth failures, we stained wild-type and mutant pollen with calcofluor white, ruthenium red, and aniline blue to detect cellulose, pectin, and callose, respectively. No abnormalities were detected in cellulose or pec- tin staining. By contrast, intense patches of callose staining ( Figure 3H ) were observed in nongerminated pollen from seth1-3 heterozygotes. In the wild type, only 4.5% of ungerminated pollen grains showed abnormal callose deposition, whereas 13.5% of pollen from seth1-3 heterozygotes showed very strong callose staining (n ϭ 400). Tetrads producing three tubes (where at least one is known to carry a mutant allele) were examined further. In 85% (n ϭ 40) of tetrads from seth1-3 heterozygotes producing three pollen tubes, one tube showed high levels of abnormal callose deposition, with irregular banding patterns transverse to the pollen tube axis ( Figure 3J ). Mutant pollen tube tips also showed abnormal callose staining ( Figure 3L ). Similar phenotypes were observed in seth1-2 and seth2 mutants but not in pollen tubes from wild-type tetrads that produced three tubes (n ϭ 60).
Reduced germination and tube growth efficiency in seth2 were confirmed using in vivo pollination assays (Figure 4) . To avoid the potentially complicating effects of stigma maturity and emasculation stresses, pollination was performed on stigmas of male-sterile plants (ms1-1/ms1-1). Pistils of ms1-1 plants were confirmed to respond similarly to those of the wild type or seth2 heterozygotes in competitive pollinations, such that seth2 transmission on ms1-1 pistils was 1.7% (n ϭ 120).
We developed an in vivo pollination assay to initially measure the overall efficiency of pollen germination and tube growth in vivo. This involved pollinating excised pistils harvested from male-sterile (ms1-1) plants and subsequently treating pistils with Alexander stain (Alexander, 1969) . This process allowed pollen germination and tube growth to be scored based on the presence or density of the cytoplasm (Figures 4A and 4B ). In the wild type, only 8% of pollen grains attached to the papillar cells were strongly stained at 4 h after pollination, showing that most had transferred their cytoplasm into the pollen tube. By contrast, 51 and 53% of pollen grains from seth1-2 and seth2 heterozygotes, respectively, were strongly stained after the same period ( Figure 4C ). This resulted from a complete failure to germinate or failure to establish sufficiently long pollen tubes to ensure complete translocation of the cytoplasm out of the pollen grains.
Pollen germination and tube growth also were assayed at 2 h after pollination by staining fixed pistils with aniline blue ( Figures  4D and 4E ). On ms1-1 stigmas pollinated with wild-type pollen, 97.4% of pollen grains had developed a pollen tube and 1% had initiated germination, indicated by the local outgrowth of the pollen wall and/or the polarized deposition of callose (Figure 4D) . By contrast, in pollinations with pollen from seth1-2 heterozygotes, only 55% of pollen grains developed a pollen tube, 27% had initiated germination, and 18% showed no evidence of polarized growth ( Figure 4E) . A slightly greater germination efficiency (64%) was observed with pollen from seth2 heterozygotes, but 36% failed to germinate ( Figure 4E ). We conclude that GPI biosynthetic mutations disturb pollen germination and tube growth in planta but that a proportion of GPIdeficient pollen grains are able to support the development of a pollen tube on stigmatic papillae.
Limited Pollination Does Not Restore Male Transmission in GPI-Deficient Mutants
To assess if the residual male transmission of seth1 and seth2 mutant pollen could be restored in the presence of a limited number of wild-type competitors, we performed a series of limited pollination experiments in which up to 25 pollen grains were placed onto stigmas of ms1-1 plants and the transmission of each mutant allele was determined. In these experiments, in which 120 to 220 F1 seedlings were scored, neither seth1 nor seth2 was transmitted through the male. Therefore, the failure of male transmission was not dependent on competition from wild-type pollen. These data indicate that the majority of GPIdeficient pollen grains that germinate are unable to reach the micropyle to achieve fertilization. This conclusion is supported by the impaired growth of seth mutant pollen tubes in vitro and the presence of short arrested pollen tubes on the stigma. Therefore, most mutant pollen tubes are affected severely and do not fail simply as a result of uncompetitive pollen tube growth.
SETH1 and SETH2 Are Expressed Widely in Sporophytic and Gametophytic Tissues
Our data demonstrate that GPI biosynthetic mutations result in gametophytic, male-specific effects on pollen germination and tube growth. However, GPI anchors are present in a variety of cells and tissues (Takos et al., 1997; Sherrier et al., 1999; Oxley and Bacic, 1999) such that widespread expression of GPI biosynthetic enzymes is expected. In this regard, we analyzed the expression of SETH1 and SETH2 in a range of tissue samples using reverse transcriptase-mediated (RT) PCR. SETH1 and SETH2 transcripts were detected in roots, stems, leaves, flowers, and isolated pollen (data not shown), demonstrating the expression of GPI biosynthetic genes in both sporophytic and gametophytic tissues.
Identification of Pollen-Expressed Genes Encoding GAPs
The requirement for GPI biosynthesis to support efficient pollen germination and tube growth suggests that one or more GAPs could be essential for these processes. To provide a genomewide analysis of potential GAPs present in pollen, we used a transcriptomic approach. Bioinformatic predictions suggest that the Arabidopsis genome encodes 248 potential GAPs (Borner et al., 2003) , but only a subset of these are likely to be expressed in pollen. We analyzed Affymetrix complete genome microarray hybridization data from two hybridizations with copy RNA prepared from mature pollen of two independent wildtype (Landsberg erecta) populations (Honys and Twell, 2003) . Among the 212 predicted GAP genes embedded on the complete Arabidopsis genome array, we identified 41 genes that gave positive signals in both hybridization experiments ( Table  2) . The expression of all of these genes was confirmed by RT-PCR analysis of independent RNA samples from isolated pollen ( Table 2) . Most of the classes of GAPs defined by Borner et al. (2002 Borner et al. ( , 2003 were represented.
RT-PCR analysis of pollen and sporophytic tissues (root, stem, leaf, and flower) revealed that 15 of these 41 GAP mRNAs were detected specifically in flowers and pollen (Table  2) . These tissue-specific transcripts encode a functionally divergent set of proteins: Bcp1-like, AG peptides, classic arabinogalactan proteins, fasciclin-like AGPs (FLAs), ␤-1,3-glucanases, aspartylproteases, glycerophosphodiesterase-like proteins, lipid transfer-like proteins, COBRA-like proteins, and unknown GAPs.
GAPs in Pollen
To directly identify GAPs present in pollen membranes, we used a proteomic approach relying on their altered partitioning in a two-phase system upon phosphatidylinositol-specific phospholipase C (Pi-PLC) cleavage. GAPs can be identified by a characteristic shift after anchor cleavage from the hydrophobic environment of the Triton X-114 detergent-rich phase into the aqueous phase (Sherrier et al., 1999) . GAP-rich fractions were prepared by PLC treatment of hydrophobic proteins from mature Arabidopsis pollen membranes. To identify any abundant non-GAPs that contaminate the GAP-rich aqueous phase, we performed a control experiment without Pi-PLC. Proteins were separated by one-dimensional gel electrophoresis. Both treated and control lanes were cut into sections, and the proteins were digested with trypsin. The released peptides were analyzed by liquid chromatography-tandem mass spectrometry. Eleven GAPs were enriched specifically in the Pi-PLCtreated fraction (Table 3) , including three ␤-1,3-glucanases, three phytocyanins, two FLAs, and one potential lipid transferlike protein. Other GAPs are likely to have been below the detection limit of this analysis. All 11 GAPs were predicted to be GPI anchored by Borner et al. (2003) .
RT-PCR analysis (Table 2) confirmed that all of the 11 corresponding genes were expressed in pollen, 7 of them in a tissue-specific manner. At5g64790, At3g18590, At1g48940, and At2g24450 were expressed preferentially in pollen, whereas the expression of At1g64760, At1g18280, and At1g54860 was restricted to pollen and certain sporophytic tissues.
DISCUSSION
GPI modification of proteins occurs in most eukaryotic systems and appears to be essential for the modulation of cell surface properties. In plants, GAPs fulfill a number of potential functions, although the significance of GPI anchoring and the biological roles of GAPs remain poorly understood. We identified and characterized four insertional mutations that disrupt two probable subunits of the GPI-GnT complex, PIG-C (seth1) and PIG-A (seth2). Heterozygous GPI-GnT complex mutations in Arabidopsis have no effect on sporophytic development and megagametogenesis but show gametophytic, male-specific defects in fertility. Mutant pollen is viable, but the majority of GPI-deficient pollen grains fail during either germination or early tube growth. Our results suggest that GPI anchoring is required during both phases of post-pollination development.
Recent studies in mice also have demonstrated a reproductive role for GPI anchoring, but in female fertility. Conditional PIG-A knockout female mice are infertile, and eggs recovered after mating remain unfertilized, suggesting that GAPs on the egg surface play a role in gamete fusion (Alfieri et al., 2003) . Our results do not support a role for GPI anchoring in gamete fusion in Arabidopsis. However, because plant egg cells are not physically independent, essential GAPs in GPI-deficient embryo sacs could be supplied from surrounding sporophytic cells.
Although highly penetrant, GPI-GnT complex mutations occasionally were transmitted through pollen. Therefore, a low percentage of mutant pollen grains were able to germinate and develop functional pollen tubes. In vivo germination assays indicated that 26% of pollen grains carrying the seth2 mutant allele were able to germinate, but genetic analysis revealed only 1.6% male transmission, suggesting that GPIs also are required during pollen germination and pollen tube elongation.
Indeed, GPI-deficient pollen tubes grown in vitro were shorter that their wild-type counterparts, and most showed high levels of abnormal callose deposition. In vivo analysis showed that only 9.2% of seth2 pollen grains (4.6% of the total population) were able to develop sufficiently long pollen tubes to allow cytoplasmic translocation. Together, these data suggest that 74% of seth2 pollen fail to germinate and another 16.8% develop only short pollen tubes.
The residual transmission of GPI-deficient mutations might be explained by the existence of a pool of GAPs, GPIs, or GPI 
Affymetrix microarray hybridization data showing GAP genes expressed in mature pollen. Microarray signal intensities were normalized according to Honys and Twell (2003) . RT-PCR analyses of all predicted GAP genes with positive microarray signals were performed in RNA samples from roots, stems, leaves, flowers, and mature pollen. Symbols indicate expression as follows: Ϫ, not detected; Ϯ, weak; ϩ, normal; ϩϩ, strong; ϩϩϩ, very strong. a GAP genes not represented (NR) on the microarray that were detected by proteomic analysis.
precursors associated with the endoplasmic reticulum and inherited through meiosis. Saccharomyces cerevisiae GPI-deficient haploid ascospores are able to germinate and complete up to four cell divisions (Leidich et al., 1995) . Moreover, GAPs added to animal cell cultures can be incorporated into surface membranes and exert native functions (Premkumar et al., 2001 ); therefore, it is possible that pollen tubes may acquire GPI from surrounding pistil tissues. On the other hand, the significant number (17 of 47) of pollen-expressed GAP genes that were not expressed detectably in sporophytic tissues suggests that many GAPs are not inherited through meiosis. However, it remains possible that some GAPs could be supplied from within the anther locule or by the papillar cells and transmitting tissue during pollen tube growth. The total number of Arabidopsis proteins predicted to be attached to the cell surface by GPI anchoring is 248 (Borner et al., 2002 (Borner et al., , 2003 . We identified 41 GAP genes expressed in pollen among the 212 predicted GAP genes embedded on the Arabidopsis genome array. Six additional GAP genes were identified by proteomic analysis of mature pollen. Therefore, our data demonstrate that at least 47 potential Arabidopsis GAPs are expressed in pollen. Thus, the failure of pollen germination and/ or tube growth in seth1 and seth2 mutants could result from the absence of one or more of these cell surface proteins.
GAPs are targeted to the cell surface in a polarized manner in many organisms. There is increasing evidence that many GAPs in animal and yeast cells can be clustered into sphingolipidand sterol-enriched membrane microdomains, known as lipid rafts (reviewed by Muniz and Riezman, 2000) , and there are indications that such membrane microdomains exist in higher plants (Peskan et al., 2000; Willemsen et al., 2003; G.H.H. Borner and P. Dupree, unpublished data) . As demonstrated in other polarized cell types (Ikonen, 2001; Bagnat and Simons, 2002; Rodriguez-Peña et al., 2002; Tsui-Pierchala et al., 2002) , microdomains could be crucial for polarized cell processes, such as pollen germination and tip growth. In mammalian cells, GAPs can be endocytosed via a clathrin-independent pathway to specialized endosomes or the Golgi apparatus before being recycled back to the cell surface (Fivaz et al., 2002; Nichols, 2002; Sabharanjak et al., 2002) . We speculate that GAPs could be targeted to the tip region during pollen germination and tube growth, perhaps by lipid raft-dependent processes. Moreover, endocytic recycling of GAPs from the pollen tube flanks to the apex could maintain the localization of GAPs within the apical region. Given our identification of GPI-anchored ␤-1,3-glucanases in pollen membranes, we hypothesize that their potential tip localization could antagonize pollen-expressed callose synthases (Doblin et al., 2001) , restricting callose synthesis to the pollen tube flanks. This notion is consistent with the abnormally high levels of callose present in seth1 and seth2 pollen tubes and the overaccumulation of callose in nongerminated seth1 and seth2 pollen. These phenotypes could result from disturbances in the synthesis and/or mislocalization of gametophytic GPI-anchored ␤-1,3-glucanases. In addition, GPI anchoring also could help maintain the polar distribution of other GAPs that may function in signaling events during pollen germination and at the pollen tube tip.
It may be significant that all four Arabidopsis GAPs characterized to date have roles in directional growth or cell expansion and/or influence the properties of the cell wall. COBRA is required for polarized longitudinal expansion in the root, which Schindelman et al. (2001) proposed might result from its recruitment of cellulose-synthesizing complexes at the cell surface. SKU5 acts on the control of directional growth in roots, but its mode of action remains unknown (Sedbrook et al., 2002) . A mutation in PMR6, which encodes a pectate lyase, alters cell wall organization and pectin content (Vogel et al., 2002) . Mutations in SOS5/AtFLA4 result in abnormal root cell expansion and growth arrest under salt stress (Shi et al., 2003) . It is difficult to know at this time which GAPs are essential for pollen germination and tube growth and what their mode of action is. We suggest that the severe defect in pollen tube germination may result from the disruption of protein targeting and/or the absence of more than one of these pollen GPI-anchored cell surface proteins. Analysis of knockout mutant lines will allow the role of individual proteins to be investigated. Proteins were separated by one-dimensional SDS-PAGE. Proteins sensitive to Pi-PLC were identified by liquid chromatography-tandem mass spectrometry. Only identifications with Ͼ95% confidence based on MASCOT (www.matrixscience.com) scores were considered significant. The most likely cleavage sites (Udenfriend and Kodukula, 1995) GPI deficiency might differentially affect the fate of GAP precursors, but it is likely to prevent their correct targeting to the plasma membrane. For example, in GPI-deficient mutants generated by the heterologous expression of Trypanosoma brucei GPI-PLC, of four proteins that normally are GPI anchored in Trypanosoma cruzi, two were secreted prematurely and the other two were degraded intracellularly (Garg et al., 1997) . GAPs that are transferred incompletely to the GPI anchor in yeast are retained in the endoplasmic reticulum and degraded (Horvath et al., 1994) . The fate of GPI precursor proteins in pollen GPI-deficient mutants could be addressed using either specific antibodies or GPI precursor protein:green fluorescent protein fusions (Sedbrook et al., 2002) .
Moreover, the potential importance of free GPIs should not be neglected. Although we are unaware of any evidence from plants, free GPIs are present at the surfaces of mammalian (Singh et al., 1996) and protozoal (Ilgoutz et al., 1999) cells and may be involved in the organization of microdomains and membrane fluidity (Muniz and Riezman, 2000) . At least in Leishmania, free GPIs appear to play an important role in cell elongation (Ilgoutz et al., 1999) . However, there are conflicting data regarding the importance of free GPIs compared with GPI-linked proteins. GAPs were found not to be required for lymphocyte development in mice, but were essential for normal lymphocyte function and maintenance of a normal peripheral lymphoid compartment (Bessler et al., 2002) . Similarly, GAPs are not essential to Leishmania for survival within mammalian host cells (Hilley et al., 2000) , but parasite growth depends of the availability of free GPIs (Ilgoutz et al., 1999) . Furthermore, transamidation-deficient mutants in yeast accumulate complete GPI lipids as well as GPI precursor proteins and show cell growth arrest (Meyer et al., 2000) . Mutational analysis of GPI biosynthesis targeting the transamidation step might provide additional insights into the importance of free GPIs and GAPs for pollen germination and tube growth, respectively.
The diversity of GAPs expressed in pollen highlights the complexity of the mechanisms underlying post-pollination events. Pollen GAP protein homologies suggest functions associated with the regulation of the structural properties and synthesis of the pollen tube wall and signaling at the pollen tube surface. GPI-deficient pollen, which is viable until germination, represents a valuable in vivo system that allows the stepwise dissection of GPI biosynthesis and the functional analysis of GPIanchored cell surface proteins in plants.
METHODS
Mutant Lines and Growth Conditions
DsE and DsG lines in the Landsberg erecta ecotype were generated by U. Grossniklaus and co-workers at Cold Spring Harbor Laboratory (Cold Spring Harbor, NY) as described (Sundaresan et al., 1995; Moore et al., 1997) . seth1-1 was isolated from a genetic screen of 3616 Ds lines based on segregation ratio distortion (E. Lalanne et al., unpublished data). Thermal asymmetric interlaced PCR was performed according to Liu et al. (1995) with minor modifications. Ds-flanking sequences were amplified using three GUS-specific nested primers (GUS-1, 5Ј-CGTAATGAGTGA-CCGCATCG-3Ј; GUS-2, 5Ј-GACGTTGCCCGCATAATTAC-3Ј; GUS-3, 5Ј-GATCCAGACTGAATGCCCAC-3Ј) combined with the AD1, AD2, or AD3 degenerate primers (Liu et al., 1995) . The Ds-flanking DNA junction was confirmed using Ds5-1 ) and a gene-specific primer (5Ј-ATCATGCAAGAAGAGATGAAG-3Ј). seth1-2 (Garlic_674B03) and seth1-3 (Garlic_165E01) were obtained from Syngenta. seth2 (SALK_039500) was generated by the Salk Institute. Insertion mutant information was obtained from the SIGnAL World Wide Web site at http:// signal.salk.edu.
seth1-1 and seth2 seeds were sterilized in a drop of 95% ethanol. Ethanol was allowed to evaporate overnight. Sterilized seeds were plated onto kanamycin (50 ng/L)-supplemented medium (0.5ϫ Murashige and Skoog [1962] salts [Sigma] and 0.8% agar, pH 5.8). After 2 days at 4ЊC, plates were incubated under continuous light at 21ЊC. seth1-2 and seth1-3 seeds were plated on a 3:1 compost:sand mix watered with 0.83 g/L glufosinate (ammonium) (Final; Hoechst, Marseille, France). After 2 days at 4ЊC, the seeds were grown under greenhouse conditions with supplemental lighting (16 h of light at 22ЊC). Antibiotic or herbicide phenotypes were scored after 10 days, and resistant seedlings were transferred to 3-cm 2 pots containing a 3:1 compost:sand mix and grown under greenhouse conditions.
Genetic Transmission through Male and Female Gametes
Genetic transmission of mutations through the male and female gametes was determined by reciprocal test crosses of heterozygous mutants and the wild type (Landsberg erecta) according to Howden et al. (1998) . The transmission efficiency of the mutant allele through each gamete was calculated according to Howden et al. (1998) . Limited pollinations were performed on stigmas of ms1-1 male-sterile plants (Wilson et al., 2001 ). Up to 25 pollen grains were deposited onto ms1-1 stigmas using a dissecting needle and a dissecting microscope (Stemi SV-6 stereomicroscope; Zeiss, Jena, Germany).
Cytological and Phenotypic Analyses of Pollen
Mature pollen grains were incubated in 4Ј,6-diamidino-2-phenylindole staining solution and observed using light and epifluorescence microscopy as described by Park et al. (1998) . Alexander and aniline blue staining of mature pollen grains were performed as described by Alexander (1969) and Park and Twell (2001) , respectively. Cellulose or pectin staining was performed using 0.1% calcofluor (Fluorescent Brightener 28; Sigma) or 0.01% ruthenium red (Sigma), respectively. For each mutant line, Ͼ4000 pollen grains from 10 independent plants were examined.
In vitro germination assays were performed as follows. Individual open flowers were collected in microtiter plates (TC microwell 96F; Nucleon Biosciences, Glasgow, Scotland) containing 50 L of germination medium (Derksen et al., 2002) per well. Plates were sealed and incubated overnight at 22ЊC under continuous light. More than 3000 pollen grains per line were scored by direct observation of plates using a Zeiss Axiovert inverted microscope. NIH Image version 1.6 was used to measure pollen tube lengths from captured images.
To determine in vivo germination efficiency, excised ms1-1 stigmas were cut at the base and inserted vertically into solid agar (1% in water) in a 9-cm Petri dish. Limited pollinations were performed as described above. Stigmas were transferred on a microscope slide and stained with aniline blue solution at 2 h after pollination or with Alexander staining at 4 h after pollination. More than 400 pollen grains deposited on 20 stigmas were analyzed per line.
RNA Extraction and Affymetrix Complete Genome Microarray Hybridization
RNA extraction, microarray hybridization, and reverse transcriptasemediated PCR analyses were performed as described by Honys and Twell (2003) . Oligonucleotide sequences and annealing temperatures are provided in the supplemental data online.
Biochemical Fractionation and Preparation of GPI-Anchored Proteins
Pollen grains were resuspended in 3 volumes of 5% sucrose/TE buffer (100 mM Tris and 1 mM EDTA, pH 8.0) and homogenized in a Dounce glass homogenizer. After centrifugation for 10 min at 1614g, the supernatant was collected. The insoluble pellet was resuspended in 1 volume of 5% sucrose/TE buffer and reextracted by sonication (Ultrasonic Processor XL; Heat Systems, Farmingdale, NY) for 4 ϫ 15 s at level 5. The extract was centrifuged at 1614g for 20 min. The supernatant was pooled with that obtained after homogenization, loaded onto a sucrose step gradient 10%/48%, and centrifuged for 3 h at 100,000g. The membrane fraction was harvested at the 10%/48% interphase and diluted fivefold in TE buffer. Membranes were pelleted at 100,000g for 2 h. Membrane pellets were resuspended in TBS buffer (10 mM Tris and 150 mM NaCl, pH 7.4, at 37ЊC), frozen in liquid nitrogen, and stored at Ϫ80ЊC in aliquots. GPI-anchored proteins were prepared as described by Borner et al. (2003) using phosphatidylinositol-specific phospholipase C (Sigma, Poole, UK) in conjunction with Triton X-114 phase partitioning.
Electrophoretic Analysis and Mass Spectrometry
GPI-anchored proteins were analyzed by one-dimensional SDS-PAGE and identified by liquid chromatography-tandem mass spectrometry as described by Borner et al. (2003) .
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